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(57) Abstract 

The present invention comprises a sensor for measuring 
an analyte in a medium comprising a piezoelectric resonator 
having a first side with an electroded region and a second op- 
posing side having an electroded region that is different in size 
and/or shape of the first electrode. The piezoelectric resonator 
of the v present i invention is icapable of measuring ^rriore than 
one parameter thereby providing a multi-information sensing 
device. The present invention also includes an apparatus and 
method for detecting and measuring an analyte in a medium 
which utilizes the piezoelectric resonator sensor of the present 
invention. ^>^- 



■f v 




tn 



FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT. 



AL 


Albania 


ES 


Spain 


IS 


Lesotho 


SI 


Slovenia 


AM 


Armenia 


FI 


Finland 


LT 


Lithuania 


SK 


Slovakia 


AT 


Austria 


FR 


France 


LI) 


Luxembourg 


SN 


Senegal 


AU 


Australia 


GA 


Gabon 


LV 


Latvia 


sz 


Swaziland 


AZ 


Azerbaijan 


GB 


United Kingdom 


MC 


Monaco 


TD 


Chad 


BA 


Bosnia and Herzegovina 
Barbados 


GE 


Georgia 


MD 


Republic of Moldova 


TG 


Togo 


BB 


GH 


Ghana 


MG 


Madagascar 


TJ 


Tajikistan 


BE 


Belgium 


GN 


Guinea 


MK 


The former Yugoslav 


TM 


Turkmenistan 


BF 


Burkina Paso 


GR 


Greece 




Republic of Macedonia 


TR 


Turkey 


BG 


Bulgaria 


HU 


Hungary 


ML 


Mali 


TT 


Trinidad and Tobago 


BJ 


Benin 


IE 


Ireland 


MN 


Mongolia 


UA 


Ukraine 


BR 


Brazil 


IL 


brae! 


MR 


Mauritania 


UG 


Uganda 


BY 


Belarus 


IS 


Iceland 


MW 


Malawi 


US 


United Suites of America 


CA 


Canada 


IT 


Italy 


MX 


Mexico 


uz 


Uzbekistan 


CF 


Central African Republic 


JP 


Japan 


NE 


Niger 


VN 


Viet Nam 


CG 


Congo 


KE 


Kenya 


NL 


Netherlands 


YU 


Yugoslavia 


CH 


Switzerland 


KG 


Kyrgyzstan 


NO 


Norway 


zw 


Zimbabwe 


CI 


Cote d' I voire 


KP 


Democratic People's 


NZ 


New Zealand 






CM 


Cameroon 




Republic of Korea 


PL 


Poland 






CN 


China 


KR 


Republic of Korea 


PT 


Portugal 






cu 
cz 


Cuba 


KZ 


Kazakstan 


RO 


Romania 






Czech Republic 


LC 


Saini Lucia 


RU 


Russian Federation 






DE 


Germany 


U 


Liechtenstein 


SD 


Sudan 






DK 


Denmark 


LK 


SriLanks 


SE 


Sweden 






EE 


Estonia 


LR 


Liberia 


SG 


Singapore 







WO 97/45723 . PCT/US97/08522 



.of ■ 



r • * 1 



»■,,,. . . V > * —.»-».•*.. - <• 

IMPROVED PIEZOELECTRIC 
1 0 RESONATOR GHEMICAL^SENSING DE VICE 

Field of the Invention 

. This^ invention relates generally: to methods' >and apparatus 
for measuring small concentrations^of -an analyte in *a medium. 

15 More- particularly *■ the present ^inventio^ 

electrical properties of a -coated piezoerectric resonatoP'iri the 
presence of an analyte. ^ Thb sensor of the- present : i invention 
optionally has a polymeric layer^which ^ experiences* j<±[aiiges^in 
electrical properties and/or mass >when~ the ' device is contacted My 

20 a particular analyte in a medium Changes in the resonant and/or 

anti-resonant frequencies of the f piezoelectric resonator* indicate 
the^pfesence of, and can indicate the quantity of. the analyte in the 
medium. - -" ' ' - 

25 Background of the Invention 

Various gases and particles, which often go unnoticed even 
at i dangerous level, are increasingly being 1 found in ^biological 
and chemical manufacturing- settings and in human living and 
working environments. These: ^gases> include • volatile* organic 

30 compounds (VOC) and chlorinated hydrocarbons (CHCs) in air. 

Chlorinated hydrocarbons are?* Idvv molecular weight organics 
compounds released in the air by most* cleaning solvents. 

Examples of particle! which ^can be found in air are dust 
mite antigen contaminated particles. Dust mite antigen 

35 contaminated particles are biogenic particles, found in house dust. 
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contaminated with dust mite feces. Dust mites are arachnids and 
are commonly found associated with humans. CHCs and dust mite 
antigen contaminated particles are two examples of target analytes 
which must be filtered out of the environment since they seriously 
compromise indoor air quality. Airborne transmission of these 
particles, which occurs during house cleaning (vacuum sweeping), 
is known to result in strong allergic reactions in most humans. 
Filtration of these pollutants from the living or working 
environment, however, can only be effective if it is 
complemented by a monitoring of these compounds. 

Interactive "smart" filters incorporate detection and 
monitoring with filtration. Such "smart" filters, reinforce 
consumer confidence and simulate consumer interest and will play 
an important role in the near future of indoor air pollution 
control. Chemical sensors which can be exposed to a natural, 
unfiltered sample gas/particles are needed. Such sensors will 
require good selectivity or molecular recognition for the 
chemical species or particles whose detection, quantification and 
then filtration are desired. These sensors should be able to 
communicate to the observer (or a system which could activate 
the filtration process) data associated with processes which may 
be in the molecular level to the parts per million or billion range. 

Various types of microsensors utilizing electrical, optical, 
acoustical and electrochemical technologies have been successfully 
employed in a variety of applications. Perhaps the most sensitive 
of all the microsensors are acoustic sensors, particularly those 
using surface acoustic wave (SAW), bulk acoustic wave (BAW), 
and acoustic plate modes (APM). In recent years, acoustic wave 
devices have been investigated as the sensing element in gas and 
liquid-phase detector applications. Acoustic wave detector 
applications include selected chemical sensors and biosensors. In 
these selective microsensors, selectively is typically achieved by 
coating a thin polymeric or metallic film on the sensing surface of 
the piezoelectric crystal. The polymer may be organic, inorganic 
or organometallic. 
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, Acoustic wave chemicaL;sensors and biosensors thus/cqnsist 
of a piezoelectric crystal device and a chemical system attached to 
the crystal surface. The chemicaLsy stem consists of the ^pSly meric 
-coating and/or? chemoreceptors- attached' to - the % -coating? ^The 
5 f chemicalsystem ;is msed: as'iff-ffioleculaF recogriition^element- and 

has the ability, to: selecdvely bind* •molecules and^gas ^particles, 
^hile the physics^of the ^detection! process is very coitiplexv the 
.principle of operation ^f acoustic- wave device sensor, is* quite 
simple and the results are reliable. An acoustic wave confined* to 

10 *the: surface^ (SAW) or bulk^IMW) sof a^ piezoelectrife substrate 

material is generated and ;allbwed;to propagate. ^Aiiy; matter ^ that 
happens to be ;presenfc on thencrystak surface < will :pef turfrn that 
surface in such a.waytas to'-alte'pithe . properties of ithet r wav^(foe. 
♦velocity or frequency ^!ampUtude - or- attenuation^^ ?5The 

1 5 measurement of .changes in- the^wave characteristics' r iis a'sensitiVfe 

indicator of the; properties o£ therrmaterial present oh> the - surface 
ofbthe^device:4n genef ial;' 'it! 4 s^well^khbwn> tharboth ^fflechaLfidcal 
and electrical penurbationst of ~ the-surf ace affect- the -propagating 
acoustic waves and result in sensing. Such perturbations result 

20 from the absorption - or- diffusion^ -of gas into the film; molecule 

selectivity, migration or binding;* arid formation of complexes 
within the film. — \ > 

Prior art devices have focused on the mass loading Effect in 
the implementation of those devices. In those devices, the gas is 

25 absorbed by die film -thereby increasing the mass of the film and 

change the wave frequency and/Or attenuation. The change* in 
frequency has been shown to be a direct function of the amount of 
gas absorbed. Because the added mass is very small, the 1 acoustic 
wave perturbation may be small. • 

30 Piezoelectric materials are* materials which- generate 

electricity when subjected *o mechanical stress and, conversely, 
generate mechanical stress when a voltage is applied. There are 
many materials which are piezoeTectfic. TKese piezoelectric 
materials have found application in many diverse technologies. 
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ranging from mechanical actuators and gas, igniters to very 
precise timekeeping device. 

The uses for piezoelectric devices derive from the 
conversion of electricity to motion or vibration and, often the 
reconversion of that motion back into electricity. For example, a 
precision clock oscillator will utilize a quartz crystal of very 
precise dimension and mass. Electrodes are formed on the surface 
of the crystal, an electric field is applied. This stimulates a 
mechanical stress in the quartz. 

If the applied voltage changes at or near the resonant 
frequency of the crystal, a sustained vibration may be generated 
in the quartz. At the resonant frequency of the quartz which may 
be determined by cut angle, thickness. Length, width and mass, 
impedance is minimized with little electrical loss. Outside of this 
frequency, larger losses will occur and impedance is changed. 

The Q of a crystal is a measure of how narrow a band of 
frequencies is passed by the crystal with minimum attenuation 
relative to the resonant frequency of the crystal. Often the Q of a 
piezoelectric material will determine the useful application. For 
example, very low Q materials are capable of convening wide 
frequency bands to and from mechanical energy. These materials 
are often used in sonic transducers in applications such as in 
microphones or speakers. The low Q allows for many tones to be 
produced. 

Other applications demand a great deal of precision, such as 
timekeeping. For these applications, a material with a very high Q 
is preferred, since only a very narrow band of frequencies may 
then be passed through the piezoelectric material. In these 
precision applications, the piezoelectric material is usually 
associated with an electronic oscillator circuit, where the 
oscillator circuit will be caused to oscillate at the resonant 
frequency of the piezoelectric material. 

With modern manufacturing methods, precision crystals of 
quartz or similar very high Q materials may be made to oscillate 
at a frequency which is accurate to within a few parts per million. 
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As noted above/ this frequency is dependent upon the type- of 
material, mass arid dimehsibns*bT r the-cry-sfal resonator J Dunng : tne 
production, of the- quartz^ Resonators < layers 'of^conducuve 
electrode material are ^ttypicaMy -deposited to ^precisioh^^f only' a 
few u atomi c layers ? since- * ; the- resonators wilf be" "sensifi ve '- to 
changes in mass as ^srMtr^s^P — 1 ■ T ''isr.iqyi t: 
c--: The characteristic sensitivity of '••lufh" : - : " t Q^'ple2c^ie , Scte 
materials to changes ^ in'cfnass ; has» -led industry to a !; €umb"er^of 
diverse applications. For teeafifpleT a-qtt'artz- fe?ona%r' ti rfily > '6e 
coated with an ^absorbent '■> VfecH is' selective to (u a* particular 
compound. The amount-or- concentration of that^comp^un3"may 
beo determined just - by Moriitoniig the - change- ih^ d resonant 
frequency of the qu^ al>sorb¥d>A% more^of 

the compound is abs"o*be% the' mass^bf the vibrating' 1 stmcture is 
increased ■•- r.***^*-- -cer. u . . vim-. 

■si: Piezoelectric quartz r c^stal-reYoriators, in wfiuch tfuclcnesV- 
shear -fibrizbritar vibrations* (BA : #) 'are: excited tcrset^p f sSQuShg 
waves, having been used^ detectors in bottf gas^'aStd ^$uM 
environments. In gas-phase applications, one or both surfaces -of 

the crystal can be exposed to a medium containing an analyte. For 

, * * *»■* * 

example, in a sodium chloride solution; sodium can be the analyte 
to be measured. The quartz' ciysfal resonator functions as a mass 
sensitive detector. The- frequency change of the* resbhatdr 
describes loading due to the added - mass of the arialyt£ v By 
exposing the vibrating crystal 'surface to liquids, mechanical 
properties of the liquids, such as j mass, density, arid viscosity can 
be quantified. * ~* - * * * : ~ j ' 1 A * % j * v * " 1 € ^ /f • 

Piezoelectric quartz crystar resonators (QCR); i ft which 
thickness-shear horizontal- vibrations are excited to sePup 
standing waves, have been investigated and used as detectors in 
both gas and liquid "enviro^^ gas- and Uqiiid-pHase 

applications two identical electrodes are used. With orie or both 
surfaces of the crystal r coated with 7 a layer and exposed to * the 
analyte to be measured. In those applications, the QCR is used as a 
mass detector. In these prior art devices, only the series resonant 
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frequency, f s , is measured and related to the added mass, hence to 
the concentration of analyte being measured. To date, all QCR 
based chemical sensors are used as mass detectors in which the 
added mass caused by the adsorbed molecules is measured. 
However, because the added mass is usually very small, sensitivity 
is low, typically |ng/cm 2 of electrode surface. Moreover, because 
only the series resonant frequency, f s , is measured and since most 
coatings react to a class of molecules rather than one molecule, 
selectivity is limited. When the coated device is exposed to the 
target molecules of a gas or a liquid, a reaction taking the form of 
binding and/or diffusion of these molecules occurs. 

What is needed is a sensor that is more sensitive, more 
selective and can provide analyte specific chemical information 
than the prior art sensors. The sensor should be able to measure 
not only changes in mass but also changes in electrical properties 
caused by either binding or conversion of an analyte on the 
surface of the sensor thus providing a multi-information chemical 
sensor. Indeed, changes in electrical properties of coatings could 
add to the selectivity process. 

Summary of the Invention 

The present invention comprises a sensor for measuring an 
analyte in a medium comprising a piezoelectric resonator having 
a first side with an electroded region and a second opposing side 
having an electroded region that is different in size and/or shape 
of the first electrode. The present invention is capable of 
measuring more than one parameter thereby providing a multi- 
information sensing device. In other words, the second electroded 
region has a different geometry than the first electrode. 

The first side of the sensor of the present invention has 
desirably an essentially round electrode that covers a substantial 
portion of the piezoelectric resonator. On the second opposing 
side, the electrode can be virtually any geometry and can be a 
combination of shapes as long as the second electrode is different 
in size or shape from the first electrode. The term "geometry' 1 as 
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used herein means the* ; fiirfaee^ r area and shape (configuration) of 
the electrodes oti the pe^eWclnc'-suitfaSe: "We surface^ a?ea 3 incf 
shape -are stich that ^e^fecffi^riipng fields W enhanced 1 wfiflif 
still maintaining Vmr^iorF^aSmty under loadm f g r " T '%y n the 
polymeric materials FeT examplet the second elecfrcxii barf b^an 
essentially round tek^tM- i^smaller than the : lAecn^M* ttW 
first side. In anothe^bbliiment; ' the second electrdW ckn e WI L 
ring that has the same^alneteFor ¥differertt' diamM^s 'me* Wk! 
on 4 the first side ^ resonator, -"-ft isl'to ''tie- 

understood 'that the -secolid^lec^ode^ niay have 'any^sWape :i aFany^ 
size that is different 'ffom^-the 1 first electrode: tfil^e'iectrode W 
desirably gold but can: 'be 3 other ' conductive suDstanc^Mh '*& 
silver anflMumihuh^^*- jd 1 ! *«s*»»q ^ V, 

- A polymeric s layer -m^y }s opnbnally be dep^&tek tfn W 
second side or the sensing side^of the resonator, at least a ^ poraloh 
of -the polymeric layer Beni^Bepbsited in the electiro^%0oi^ ;; 
The composition oft polymeric layer is "ainy"*' compositidii tli£t 
selectively binds to^ or^ reacts Wittf v ari 'analyte of iiitehlsl in 'tfife^ 
medium. The polymeric "layer may change in viscodi^ 
may change in mass, either increasing or decreasing i^maSs in" 
response to the analytic in " 'the medium of may * ch^ge in 
conductivity or in didectric' cdnstant. The polymeria comj^imbn 
may contain a molecule* which selectively binds tcr£ pardbuiaf 
arialyte in a medium/These molecules include, biit af^ridt limited 
fOi antibodies, fragments df antibodies, receptors for VanoWs 
molecules, and the like;" r> : a ruo> 

Analytes to be measured include, but are not limited td, 
compounds such as trichlorornethane, tetracMorbfriethane, 
trichloroethane, ' trichlorofethylene, tetrlicBdrbetharie, 
tetrachloroethylene, and toluene: Analytes also include, btii? are 
riot limited to, proteins, sihairofganic molecules, substrates for 
enzymes, and the likfc: n ><: 

In operation, a sensing circuit compares alt least one 
resonant frequency arid 1 at least one anti-resonant frequency' with 
stored reference frequencies Differences between the sensed 
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frequencies and the stored reference frequencies indicate the 
presence and/or concentration of the analyte in the medium. The 
electrical sensing circuit sweeps frequencies in a band containing 
the respective resonant and anti-resonant frequencies and can 
5 sense changes in the resonant and anti-resonant frequencies in 

response to the presence of the analyte in the medium. The sensed 
resonant and anti-resonant frequencies indicate mass density, 
viscosity, and dielectric constant and conductivity changes in the 
polymeric layer as a result of association of the analyte with the 

10 polymeric layer. It is to be understood that the measurement of 

the anti-resonant frequencies due to changes in the conductivity 
and dielectric constant of the polymeric layer is a critical feature 
of the present invention. As will be explained later, due to the 
lossy conditions, the anti-resonant frequencies consist of three 

15 frequencies, each with a different rate of variation with changes 

in the conductivity and dielectric constant of the polymer layer. 
This is an added parameter over the prior art for the 
identification and quantification of the analytes in the medium. 
This is made possible by the geometric configurations of the 

20 electrodes as described herein. 

In other embodiments of the present invention, several 

9 

piezoelectric resonators can be used in the same apparatus. The 
additional piezoelectric resonator sensors can be designed to 
measure additional analytes in the medium and thereby the device 
25 can simultaneously measure two or more analytes in the medium 

depending on how many piezoelectric resonators are present in 
the device. 

In yet another embodiment, the polymeric layer has a first 
zone comprising a first polymer composition, and opposing 

30 second zone comprising a second polymer composition, and a 

third central gradient zone between the first and second zones 
comprising a graduated combination of the first and second 
polymer zones. The first, second, and central zones are 
juxtaposed in generally side-by-side relationship on the first side 

35 of the piezoelectric resonator. The sensitivity of each respective 
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zone in *the polymeric layer can optionally respond differently to 
different analytes. In other swords, the first arid second- polymer 
compositions in the .polymeric, layer can include different 
polymers that are selectiye/to different analytes. , . ; . - v-i^v ? 

It is to be understood that the piezoelectric resonator ;senspr 
does, not have to have. ; a .polymeric .layer.- The series resonant 
frequency -changes when ^3Xii^umxontacting--the>fost , electrode 
has sufficient .conducdyi^^;t6^ ?form- an effective electrode in 
combination with the first electrode. The effect on the electrical 
properties in the mediiuii is similar - to having the cfif st electrode 
cover substantially the ^entire first side of the; ; piezoelectric 
resonator, i.e^ identical electrode georhetrics,, r Changes in 
antirespnant frequency rare primarily caused by ^changes o?in 
conductivity and dielectric constant in the mediums and ^ not* 
primarily caused by mass loading of the piezoelectric' resonator. 

In- yet another embodiment of the present invention;* the 
piezoelectric resonator : sensor can detect the condition of rat filter 
in a processing stream by sensing properties of the analyteoinra 
medium passing through ithe . filter ; The present invention includes 
a first piezoelectric resonator sensor upstream from the filter and 
a second piezoelectric resonator filter downstream from the 
filter. A sensing circuit senses at least one resonant frequency and 
at least one anti-resonant frequency for each of the first and 
second resonators and compares the respective resonant and anti- 
resonant frequencies thereby providing an indication of the filter 
condition. A filter failure indication occurs when *t he compared 
frequencies of the two piezoelectric resonator sensors are 
substantially the same. 

These and other objects, features and advantages of the 
present invention will become apparent after a review of the 
following detailed description of the disclosed embodiments. 

Brief Description of the Drawings 

Figure 1 shows a first embodiment of the piezoelectric 
resonator sensor of the present invention. 
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Figure la is a top view of the second opposing side 
with the electroded region shown in black. 

Figure lb is a cutaway view of the piezoelectric 
resonator sensor along line lb-lb with the electroded region 
5 represented as black. 

Figure 1c is a bottom view of the piezoelectric 
resonator sensor with the electroded region shown as black. 

Figure 2 is a second embodiment of a piezoelectric 
resonator sensor of the present invention. 
10 Figure 2a is a top view of the second opposing side 

with the electroded region shown in black. 

Figure 2b is a cutaway view of the piezoelectric 
resonator sensor along line 2b-2b with the electroded region 
represented as black. 
15 Figure 2c is a bottom view of the piezoelectric 

resonator sensor with the electroded region shown as black. 

Figure 3 is a third embodiment of a piezoelectric resonator 
sensor of the present invention. 

Figure 3a is a top view of the second opposing side 
20 with the electroded region shown in black. 

Figure 3b is a cutaway view of the piezoelectric 
resonator sensor along line 3b-3b with the electroded region 
represented as black. 

Figure 3c is a bottom view of the piezoelectric 
25 resonator sensor with the electroded region shown as black. 

Figure 4 is a diagram of equipotential field lines for a QCR 
device with equal circular electrodes. 

Figure 5 is a graph of the electrostatic capacitance changes 
vs. conductivity for a QCR device with identical circular 

30 electrodes. 

Figure 6 is a diagram of equipotential field lines for the 

QCR device shown in Figure 1 . 

Figure 7 is a graph of the electrostatic capacitance changes 
vs. conductivity for QCR device shown in Figure 1. 
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Figure 8 is a diagram of equipotential field lines ~f or *he 
QCR device shown in Figure 2. < ur^.ritJ.;-;^- 

... , ^ Figure 9 is ;a :grapfr>of the. electrostatic capacitance changes 
vs. conductivity for Q€R device shown in Figure 2fc. ocv i^r/ r, 
_ _ Figure lO isnra* :block -diagram of a sensing- -apparatus 
including , a piezoelectric resonator unit of the4nventidri]n ? v ' 

Figure 1 1 shows 1 a block diagram of a secorfd r embodiment 
ol the. sensing apparatus^ including a reference 4 piezoelectmc 
resonator .unit, ..k,^'^ '^c,.^ ~ v , ^^ ^ v ^ ^^ 

-Figune -12 shows' a block? diagram of a third emb&diment ^of 
the sensing apparatusv including a plurality of 5 piezoelectric 
resonator^units^d ^ni^a,^ 33L*#icr. jv: J 

^Figure 13^ shows a ithird ^embodiment of the- piezoelectric 
resonator, unit having^a^radiraPpolymeric sensing layers * - - - 
^ Figure 14 shows a cross-sectional view taketf : at 15-15 ' of 
Figure 13. .■..■ v r/ w • I us .-\*..;r 

Figure 15 show s ? a filter failure sensing apparatus including 
piezoelectric resonator units on opposites sides of a filter.--^ -c .. 
~ Figure 16^shows^a model electrical circuit ^f of- the 
piezoelectric resonator units df-Figures 1-3. 

Figure 17 shows the equivalent circuit of a typical uhcoated 
QCR with two identical electrodes. 

Figure 18 shows -measured impedance/admittance curves 
for the piezoelectric resonator sensor shown in Figure 1 loaded 
with deionized water. ^Suscepterice, conductance, resistance; and 
admitance are shown in" the frequency domain.. ; 

Figure 19 shows -the ' -changes in the parallel resonance 
frequency vs. conductivity/ >* - 

Detailed Description, of the Invention 

The present ^invention" relates to selective sensor for 
detecting and determining the concentration of an analyte in a 
medium. The analytes may be. for example, gas molecules that 
may be part of selected pollutants which need to be monitored in 
human working and living environments. The sensor is also 
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suitable for use as a chemical specific detector in liquid 
environments. 

The sensor of the present invention is desirably a quartz 
crystal resonator (QCR) with modified-electrodes on the sensing 
surface that are dissimilar in shape or geometry to the electrode 
on the opposing side of the resonator and includes a chemically 
sensitive functionalized polymer layer selected to react with the 
molecules or class of molecules to be measured. When a signal is 
applied to the device, a vibration of the crystal occurs together 
with a relatively strong electric field in the non-electroded area, 
which interacts with the chemically reactive polymer. 

The present invention includes exposing the coated surface 
of the device to the molecules to be measured causing the 
electrical properties of the layer to change. Such changes are 
caused by the binding or diffusion of the molecules(s) in the 
layer, and result in a change in the dielectric constant and 
conductivity as well as in the well known mass and viscoelastic 
constant of the layer. The change in these parameters result in a 
variation of all critical frequencies of the QCR which can be 
simultaneously monitored and related to the concentration of the 

target molecules. 

The sensor device of the present invention desirably 
employs a QCR with modified-electrode on one of its surfaces. 
The two electrodes are desirably made of a gold layer on a thin 
chromium layer. The two electrodes are dissimilar both in 
geometrical shape and/or dimension. Examples of such electrodes 
are shown in Figures 1 through 3 for three types of such QCRs. 
In these examples, the QCR employs two concentric circular 
electrodes with the electrode on the sensing surface having a 
smaller radius r, < r 2 (r 2 is the radius of second electrode) 
(Figure 1) or a ring shape configuration (Figures 2 and 3). A 
chemically sensitive functionalized polymer layer is optionally 
deposited on the modified-electroded surface covering both 
electroded and nonelectroded areas. Certain aspects of the 
piezoelectric resonant sensors with dissimilar electrodes are 
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alsclpsed mMS, Patent No. 5,455,475 to Josse, ,et . al. and;-this 
•p^^n^-^^j^cg^^jby reference in its entirety. ■> -.w: >n \*tm*. 
t ; auiR^ejTing^nowito Figure -1, the piezoelectric iresonator \10 
has^ a w circular upper A electrode . 20 (Figure la)i and*, a * circular 
opposing. lower electro on a quanz base 15 (Figure 4ib)*Ifhe 
upper.;ejecttpde.?20 is iconcentric and is smaller in >diameter,vthan 
6te'fe e ^lectrode 3J^. . The piezoelectric resonStbn k0 caiso jh'asia 
PM& me Ji£ layer iM 25 i5 that is layered over sensing: /electrodeo 20 
<$g^}J&#^^lm®fe- iayer 25 typically is^aigeraith'anlshe 
sensing u electro;d^ 20- Referring to Figure 2 ^the piezoelectric 
r ?,sonat§r f -SQ^-has -n3 ring upper electrode 60* andka circular 
opposing lower electrode 70 . on a quartz^ basemSSs fiThe 
piezo^ctric. resonator 50 also has a polymeric layer :65 r that is 
layered over sensing ring electrode 60. (Figure ?: 2b>Hilhe 
polymeric layer 65 typically is larger than the ' sensing ring 
electrode . 60ir Referring to Figure 3, the piezoelectric resonator 
r75 has a,ring. supper .electrode 85 and a circular opposing i lower 
^l^^od^T^^on^a^quar^rrbase 80. In this embodiment ofcnthe 
present ^invention, the ring upper electrode. . 85 is^smailer u ! in 
diameter than the electrode 95. The piezoelectric resonator 75 
also has a pjolymeric layer 90 that is layered over sensing ring 
electrode 85. (Figure 3b) The polymeric layer 90. *tyipically.ris 
larger than, the , sensing ring electrode 85. Typically, die upper 
electrode in the. disclosed embodiments is the sensing ; electrode 
and is the electrode that is exposed to the medium wim-therianalyte 
to. be measured..'! However, it is to be understood; that .both 
electrodes may be exposed to the medium in certain embodiments 
of the present; invention. , ; ,..,/•• • 

The present invention comprises a piezoelectric -resonator 
sensor that is capable .of measuring an analyte or a multiplicity; <of 
analytes in a medium. As used herein, the term "analyte?; :means 
an atom, ion, molecule, macromolecule, organelle, or cell that is 
detected,and measured. The term "analyte" also means a substance 
in a medium including, but not limited to. environmental 
contaminants such as trichloromethane. tetrachloromethane. 
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trichloroethane, trichloroethylene. tetrachloroethane, 

tetrachrloroethylene, toluene, benzene, aromatic compounds and 
hydrocarbon pesticides. Analytes include molecules, such as 
proteins, glycoproteins, metal salts, ions, and the like. The term 
"analyte" also includes neurotransmitters, hormones, growth 
factors, cytokines, monokines, lymphokines, nutrients, enzymes, 
and receptors. The term "analyte" also means structured elements 
such as macromolecular structures, organelles and ceils, 
including, but not limited to cells of ectodermal, mesodermal, and 
endodermal origin such as stem cells, blood cells, neural cells 
immune cells, and gastrointestinal cells, and also microorganisms, 
such as fungi, viruses, bacteria and protozoa. 

The term "medium" as used herein means an aqueous 
medium, a non-aqueous liquid medium, and gases. 

Polymeric sensing layers can comprise a variety of 
monomer units including siloxanes, alkane thiols, urethanes, and 
epichlorhydrans. Examples of sensing layer materials are set 
forth in "Patterning Self- Assembled Monolayers Using 
Microcontact Printing: A New Technology for Biosensors?," by 
Milan Mrksich and George M. Whitesides, published in 
TIBTECH, June, 1995 (Vol. 13), pp. 228-235. hereby 
incorporated by reference. 

The term "polymeric layer 1 ' as used herein means a layer 
comprising a material including, but not limited to 
poly(diphenylmethylsiloxanes), poly(etherurethanes), 
poly(epichlorohydrans), and poly(l, 1, 1-trifluoropropylmethyl 
siloxanes) and poly olefins. These same materials can be modified 
by incorporating molecular groups which will enhance selectivity 
toward target analytes. Moreover, metal lo- organic materials, 
such as metallo-phthalocyanine, whose conductivity can undergo 
changes when in contact with an analyte, represent other materials 
which can be used. The composition of the polymeric layer is 
selected from compositions functionally operable to provide a 
change in a resonant or anti-resonant frequency of the 
piezoelectric resonator in response to at least one of presence and 
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concentration: of the analyte at the polymer -layer. The-lerin 
"polymeric layer" also means a layer with a selective m^iely r fdr 3 a 
particular :analyte incorpbrated therein > or thereon? 'The^selecfive 
moiety *ncludesv Biit^lric* Uirtted'^ 

antibodies k thai fare ^capable of binding ah anklyte7 fl Bi61dgical 
receptors for-prticular^iialytesj biotin, avidirf: s^ep^k^prMein, 
^d renzymes> -T^e^polyraifeia'c' • layfcr can cover- pM Tc oP-Wc 
electrodes- 41viof^the^ electrode- } or can %xtehd& : B^Ha srj Sie 
boundaries of the electrode on the piezoelectric resbriatbii : r: — 
; the iriteractidri^ consists^ 

twomcomponehts:r (lj) /the c surfacie fririgirig Si&flP Me- P5 v ffib 
asymmetmc- ^configuration » . of- the electrodes- ahd^^potentiafl 
difference^betweeh the ^two relectrodes, ahd^2^th^^electfi^feeld 
associated with the acoustic wave in the free* ? Mtf ade^: regrori 
opposite: the lower electrode; However; because quartz* is ir a u w<Mk 
piezoelectric material^th^ latter can be assumed riegligibleSnd ttfe 
interaction is primarily diie to the fringing Jfieldis. ^ 

; f/Fhe present ; invention makes use of elebtric^'fields^ 'Md 
electric^ potentials^ found everywhere around the quartz crystal 
resonators that^are-'used^in'-the sensors of the presefif^veniiohi 
These fields have been graphically visualized by using tKe'fimfe 
element* arid- analysis method. (J.R. Brauer. )4t What : * Every 
Engineer Should Know about Finite Element Analysis Marcel 
Dekkerv Inc., New' York, 1990) The graphical visualization of the 
fields shows the electrical sensing mechanism of tfie : piezoelectric 
resonator sensor of the present invention. (See Figures' 4; 6? and 

The surface electric fields and surface electric potentials 
along the interface between the piezoelectric resonator^ sensor *bf 
the present invention and the polymeric layer can also be analyzed 
in this way. The changes in the electrostatic capacitance due to 1 the 
changes in the electrical material properties of the polymeric 
layer; or loading medium* can also be calculated. Figure* 4 shows 
equipotential field lines associated with a prior art piezoelectric 
resonator sensor wherein the electrodes on either side of the 
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quartz crystal are the same size. As shown in Figure 4, although 
the conductivity of the loading medium increases, the changes in 
the surface fringing fields are insignificant. As a result, the 
changes in the capacitance also become insignificant. (See Figure 
5) In Figure 6 is a diagram of equipotential field lines for the 
QCR device shown in Figure 1. As shown in Figure 1, there 
exists strong infringing fields along the surface of the partially 
electroded region. These surface fringing fields are perturbed by 
changing the electrical properties of the loading medium. The 
strong fringing fields near the edge of the upper electrode in 
Figure 6 are due to the high concentration of the electric charges 
at the edge of the upper electrode. However, when the loading 
medium is pure water, the electric fringing fields at the edge of 
the upper electrode are then suppressed by the high dielectric 
medium. The result is that the electric fields are extended along 
the surface of the partially electroded region. 

As shown in Figures 6, 8 and 10, large portions of the 
electric potential fields are extended into the partially electroded 
region. However, there are still electric fringing fields near the 
upper electrode and the surface along the unelectroded region. 
When the conductivity of the dielectric loading medium is 
increased, the remaining electric fringing fields at the surface of 
the piezoelectric resonator sensor of the present invention are 
further suppressed. The modified-electrode piezoelectric 
resonator sensor of the present invention then becomes an almost 
perfect parallel plate capacitor with two identical electrodes when 
the conductivity is increased to 0.7 (S/m) 

Figure 5 is a graph of the electrostatic capacitance changes 
vs. conductivity for a QCR device with identical circular 
electrodes. As shown in Figure 5, there are few equipotential 
field lines in this device when compared to the equipotential field 
lines generated by the devices included in the present invention 
and shown in Figures 6 and 8. As one increases the concentration 
of the loading medium, the change in conductivity induces 
changes in the capacitance. The results for the capacitance changes 
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in various r piezoelectric resonator sensors- are- compared in 
Figures!^ arid *telie 'graphs ^ show that the modafie^elklroae 
piezoelectric; resonator 3 sensor of the present irivenio^ 
partially telectroded-regions show greater change s-in :; capacitance: 

As shown in Figures 7 and 9, when the cohlluefivity^of ^the 
loading: medium^ 1 increases; the surface electric^ pbtenli'ar fields 
extend:<into:the- surface of the partially electfo^ed^fegion . WHen : 
the conductivity of the loading medium reach^^^ 
the quartz, ^capacitor with the modified-electrode ^eoiffigurafidiF 
beha^es^-as. m* perfect parallel plate capafci tor^widi ^Mentical 1 
electrodes 5 on bc/th sides. Therefore, it can be : 6ohciiTde1i ;r tKat the 
increased th^feolridufctivity J 6f the loading medianr ? re^ult^i^the ; 
expansion" of the effective' electrode 5 surface lirfe^^F^tfiS devrcel 
This; in 'turn* combined with the mass of the ^oM^shoiild^ffecl: 7 
the particle -diisplacement amplitude profile ^^THS 1 ^ particle 
displacement amplitude profile becomes nairo»wer^%ith ^SMlerS 
upper electrodes -^and wider with larger uppers- electrodes. 
Therefore,* the ? particle displacement amplitude profile Incomes 
wider when the conductivity of the loading medium ' iricr£ases- 
which in turn- will modify the resonance condition of ^tfie 
piezoelectric resonator sensor of the present i n vehti oh; ' hence also 
the antiresoiiem frequency. ^ - 

Figure 16 shows a diagram of a model equivalent circuit 
145 for the piezoelectric resonators described in Figures 1 
through 3. By analyzing this equivalent circuit, in the harrow 
range of frequencies at and near resonance and a^tiresohah 
critical frequencies" can be defined. The admittahce^rm^^^ 
characteristics of the piezoelectric resonator units (See Figure 
10 with speieific^embodiments shown in Figures 1 through 7 3) 
indicate changes in mechanical and electrical propertied of the 
polymer layer 25 caused by a medium. Hence, one or more 
materials in the rriedium can be sensed. 

For Tossy piezoelectric resonators, as shown Figures 1 
through 3, there are two mechanical mechanisms of erierev 
dissipation. Mechanical energy is dissipated internally as modeled 
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by internal motional resistance R q , internal capacitance C q , and 
internal inductance L q , of piezoelectric resonator 10. Motional 
resistance R q represents the mechanical dissipation of piezoelectric 
resonator 10 (i.e. the conversion of electrical energy into heat 
5 through friction). 

External mechanical energy dissipation results from the 
flow of electrical energy out of piezoelectric resonator unit 105 
and into the adjacent medium in the form of acoustic waves. 
External mechanical properties are modeled as resistance R m , 

10 inductance L m , and capacitance C m . These components correspond 

with mechanical loading of polymeric layer 25 mounted on 
piezoelectric resonator 10. This mechanical loading varies or 
changes with the viscosity, elastic constant and mass density of 
polymeric layer 25. Capacitance C m only affects the series 

15 resonant frequency f 4 . Capacitance C ro is incorporated into C q for 

purposes of the equations which follow later. 

In Figure 16, the external and internal mechanical 
vibrations which includes dissipation of energy are shown as a 
single branch having elements connected in series. This branch of 

20 model equivalent circuit 145 represents the mechanical properties 

or mechanical loading of piezoelectric resonator unit 105. 

The other branches represent electrical properties of 
piezoelectric resonator unit 105. In a second branch, capacitance 
C 0 represents the electrostatic capacitance across piezoelectric 

25 resonator 10 between first and second electrodes 20, 30 in the 

fully electroded region and is a function of electrode size, shape 
and configuration, in other words, electrode surface area. In 
Figures 1 through 3, the fully electroded region represents the 
portions of electrode 20 that are within the projected outline of 

30 electrode 30. 

In the third branch, capacitance C u represents the 
capacitance across piezoelectric resonator 10 (Figure 1) in the 
partially electroded region. The value of capacitance C u varies as 
a function of the size, shape and configuration of the partially 

35 electroded region. 
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The>electrical loading of polymeric *Jayer~25^ is represented 
by ^capacitance G^and ^resistance' R^irtparall&Wi^^ 
t ^^it^ce-£: L ,is^due JoitheidiAf^ 
: 25,r: Sesis tance^R L ^represents the> conductive 

» Hs claniws ithird branch of 4he model ^ivMeteircui^l43? r £He 
rfl9ra^^i%reme^-of capa^t^c^Gt' and: fesis^fahce"R L is in 
.seriesqwith capacitance G u .vTh1^ branch il&ffiairily sensinlve Hb 
changes.iinielectrical properties of polygene layer 25. 

When ttie, interacting: fifelds ? ^«giaafilf • : 'frofe^8 s #de 
surface ©femes-piezoelectric crystal- and are ;as&c£ate& witr¥ 6 the 
PEPpagatingnacoustic wave, (fop ^xample^w -a L sOrfa^e^^acoustic 
wave device)^ .this interaction is often f fefertmW f an' acousto- 
electric sinteractionv- With the ^hiOdiTied^l€cfrb^e nf quarfz crystal 
resonanceodevice, the interacting^ fields ^cbn^s^oFfinfijP^^i&lidjs 
originating t from the edge of • the dectrOde Mngihg^ 5 fields 'and 
fields ^originating from a free surface (surface of^the partiMly 
electrode da-region) of the' crystal resonator- device (due ! to; the 
piezoelectric -property of the quartz tfrys^l)¥ln^tite j c1a^''c^ ] quSrtz, 
a weak piezoelectric material, the field originated from' me free 
surface and. associated; with the acoustic wave is- 'negligible. 
Thefeforev the interacting fields ar^ , rnidnly ; du^W--ffie'' i Mhging 
fields. Ho.weyer^ihe interaction effects both the' -p'arallel-ah^enes 
resonances frequencies of the device through 'the -loading ^process. 
The$ parallel - resonance frequencies determined by - the- static 
capacitance, which is also effected by the electrical properties r of 
the loading^ on the 'quartz trystai ^^ fesofiator^and'-the mechahical 
properties- i;of the quartz crystal resonator device: "The parallel 
resonant, frequency occurs at a frequency where the electrostatic 
capacitance parallel-resonates with the ' motional inductancer- This 
can be seen ias~ an external electrical load on Jf th% drysM ''which 
ideally dbes'not; or should not, effect the* 'crystal*, vibration. 
However;: because the change of mass density associated witif that 
load; the crystal mechanical vibration is also effected^ Note that 
the series resonance frequency is a function of the mechanical 
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properties of the quartz crystal resonator device and the 
mechanical properties of the load. As a result, the interaction 
between the electrical fields and charges (ions, electrons, and 
dipole) in the contacting medium is related to the antiresonance 
frequencies of the acoustic wave device. Therefore, this 
interaction is referred to here as an acousto-electric interaction. 

Many coatings exist which can be used as the binding film 
of specific molecules or a class of molecules. In the present 
invention, the selectivity and specificity can optionally be 
enhanced by functionalizing the polymer for affinity to the target 
species. According to the present invention, detection occurs 
when the molecules are absorbed at the polymer surface, diffuse 
through the polymer or bind the polymer molecules. The result 
of this reaction can take the form of a change in the electrical 
properties of the layer, i.e., a change in the electrical conductivity 
and dielectric constant of the layer. In addition to measuring the 
change in the mass of the layer, by monitoring the critical 
frequencies of the exposed coated QCR or its impedance, the 
concentration of the target molecules can be measured. 

By analyzing the equivalent circuit of the coated and 
exposed QCR in the narrow range of frequencies near resonance 
and antiresonance. the various critical frequencies can be defined. 
Furthermore, their variations as the electrical properties of the 
exposed layer as well as the mechanical properties change can be 
understood. Figure 17 shows the equivalent circuit of a typical 
uncoated QCR with two identical electrodes. Figure 16 shows the 
equivalent circuit of the polymer-coated QCR utilized in the 
present invention. In Figures 16 and 17. C D is the electrostatic 
capacitance arising from the two electrodes separated by the 
insulating quartz and is a function of the electrode size, shape and 
configuration. Since quartz is piezoelectric, the electromechanical 
coupling gives rise to the motional arm branch (R q , L q , C q ) in 
parallel with C G . The motional resistance R m represents the 
mechanical dissipation of the QCR. In Figure 16. R m „ L m „ and C m 
represent the mechanical loading of the chemically reactive 
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polymer ; :layer due- to. the viscosity, elastic constant ^andv mass 
density, respectiMely.:; r Ehe electrical : loadiiig;^G€frthevtlayerat:(:or 
exposed layer) is represented by the capacitance C L and resistance 
R L , and, are l due vto- .;the dielectric - constant " and nconducti vity, 
respectively. The3capaett^ 

quartz platen; between^ the lower electrode i^ajidi,^the^ r upper 
unelectrodecfc interface (see figures hthrough^S^.rfNote/thatrfbiixa 
purei , cap aci tiye^rl o adingff (pure dielectric- f layer), thesnseries 
combination of (Strand <2 L , represents; a ^ model of ;a partially .filed 
parallel plate capacitor with a dielectric (quartzVDe^idn'theMlower 
plate; ant a^dielectric XifK-layer) between therquartz and the upper 

plate. -;.-ifj^-.. :>i3&teCftlj^i'-. — ^ j^yaJ ^d* ^ 

.*> - For ideal lossless materials, in which ith¥..Q0Rsimpedance is 
pure! y/ reactive ^R ! .= 0))T only two critical frequenciesi ^f^andcf *) 
are defined. The -lower critical frequencies, -f, is definedgas ' the 
frequency fof maximum ^admittance . The uppers critical? frequency 
f 2 is defined as the frequency of maximum impedance; However, 
for lossy QGRs made tfrom real materials (R^ OJ^or^loalds from 
lossy materials, there are two mechanisms of energy; dissipation. 
The internal energy ' dissipation, R^ results from the: conversion 
of electrical . energy into heat through friction,. The* . external 
energy dissipation, R ra results from the flow o&electrical energy 
out of the:QGR>ihtp the adjacent medium in the/form of , acoustic 
waves. Such energy dissipation mechanisms obscure -the definition 
of f t and f*', , .. j »*?:.;-,.>■ 

Thus* for a lossy QCR. such as a QOR loaded with, a 
chemically reactive polymer exposed to a fluid; f ] andrfcrare 
classified into two groups of closely spaced resonance frequencies 
(f m , f s , f f ;>). arid;antiresonance frequencies (f^, f pr i^i); respectively 
These represenfcisix. critical frequencies which r can. be* used; to 
characterize - a lossy QGR. f ro is the frequency of maximum 
admittance; is the series resonant frequency and f r is the 
resonant frequency. In the second group, f a , fjjv and f 0 , are the 
frequency of minimum admittance, the parallel resonant 
frequency and the antiresonant frequency, respectively. These 
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frequencies can be easily extracted from the 
impedance/admittance characteristics of the loaded QCR (Figure 

18). 

In particular, the antiresonant frequency group, f„ f p , and 
f„ can be used to characterize the electrical properties of the layer 
and any subsequent change as a chemical reaction occurs. 
Moreover, each frequency in that group exhibits a different rate 
of variation. The operation of the QCR with modified-electrode 
coated with the chemically reactive polymer layer can be 
summarized as follows: 

As the electrical properties (conductivity and dielectric 
constant) of the layer change, the overall electrostatic capacitance, 
C„ of the loaded QCR changes and tends to that of a QCR with 
identical electrodes, i.e., C 0 of radius r 2 . The relative change in C x 
is larger and the effects of changes in C„ when the QCR is 
operated in antiresonant modes are no longer insignificant. Note 
that C x is a lossy capacitor. 

Moreover, the series resonant frequency, f„ invariant with 
changes in the electrical loading and function of the changes in the 
mass of the layer, can still be utilized as an additional 
measurement parameter. The chemical sensor apparatus includes 
a cell (or a chamber) to confine the gas (or liquid) to be measured 
to the coated surface, desirably a plurality of QCR devices such as 
those described in Figures 1 through 3 and the associated 
measurement electronics. Each device consists of a piezoelectric 
substrate, with dissimilar electrodes (Figures 1 through 3), one 
surface of which is coated with a functionalized polymer, 
desirably a different polymer for each device. 

For ideal lossless materials, the impedance of the 
piezoelectric resonator is purely reactive (resistance equals zero) 
and only two critical frequencies are present. The two frequencies 
are the frequency of maximum admittance and the frequency of 
maximum impedance (minimum admittance). 

However, as described herein in the model equivalent 
circuit (Figure 16), there are two mechanisms dissipating energy 
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^in v real: piezoelectric , materials . - There {jfe^interaal^ energy 
^issipatiprr; duentb^internai resistance^ 'an#^exfemal rT eiiWgy 
dissipationtduerto^Fesistance R^. - v^mm^qim mum man 

Therefore, for a lossy piezoelectric resonator, such as 
piezoelectric resonator 10 in Figure 1 having polymeric layer 25 
exposed to fluid, the'' two 'fluencies listed above diverge into a 
first group of three closely space^ resonant Aequencies M a 
second group of three closely spaced antiresonant frequencies^ , 
The three resonant frequencies .comprisej^e.series^resonant 
frequency f, (frequency of maximum conductance) ,Jhe, frequency 
of maximum admittance f m and the resonant frequencv f r . JThese 
three frequencies are close in value. f m is a lower frequency than 
f s , and f $ is a lower frequency than f r . 

The three antiresonant frequencies comprise the parallel 
resonant frequency f p , the antiresonant, freouency £ and the 
frequency of minimum admittance f n . These three frequencies are 
close in value and greater than the resonant frequencies. f a is a 
lower frequency than f p , and f p is a lower frequency than f n . 

These, six critical frequencies can be used :tq^ ch^^terize a 
lossy pie^elec^c^^or unit 105. ^ 
extracted from impedance/admittance characteristics of 
piezoelectric resonator unit 105. 

One method of calculating the six critical frequencies is as 
follows. The first step is calculating the capacitance C % of the 
third branch of the model equivalent circuit shown in Figure 1 6. 
The capacit^ce C, is given by the equation:. >?1 



C x = Q JGi ? + w2«C L (C L + C u ) j .„ 

Gl2 + w2.C l (C l +C u )2 

where G L equals 1/R L and w equals the angular frequency of 
resonator unit 105. 

The series resonant frequency f^d'dfes not" vary with changes 
in the elettricafi loading of polymeric layer 25. Therefore, the 
calculated capacitance C x is not a factor in determining series 
resonant frequency f s . Rather series resonant frequency f s changes 
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in response to changes in the mass of polymeric layer 25. Series 
resonant frequency f s is the frequency of maximum conductance 
(i.e. minimum impedance), and is defined be the equation: 

f s = [(Lq^L m )C q r 1/2 

5 731 

where L q , L m , and C q are described earlier with reference to the 

model circuit. 

Resonant frequency f r occurs when the imaginary part of 
the impedance of the piezoelectric resonator is zero. The resonant 
10 frequency f r is defined by the equation: 

f r = f s (l +r/2Q 2 ) 



15 



20 



30 



where r is defined by the equation: 

r = (C Q + C x )/C q 

and, where Q is the mechanical quality factor of the loaded 
piezoelectric resonator and defined by the equation: 

(R q + RJ 



The frequency of maximum admittance f m occurs when 
25 piezoelectric resonator 105 has maximum admittance (minimum 

impedance). The frequency of maximum admittance f m is defined 
by the equation: 



f m = f s (l-r/2Q 2 ) 

where r and Q are as defined previously. 

The three antiresonant frequencies are defined by equations 
as follows. 
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P^aUel resonant ^frequency f p comprises^ ithe; ^frequency 
where impedance is maximum, and is defined by the equation •:* 

. , - , f D = f.(l + rl72r) £- -."|7-Li .c.- 1 * iif;: .!^; ^ i 
♦ >HX,r-,-* ... P sn , .i. 

Antiresonant frequency f. occurs when thecimaginaity part lo^ the 
admittance is zero. Antiresonant frequency -feus defineduby the 

,-->■». «■-"»«.-■ • ^ * - . » 

f = fCl + l/2r - r/20^) rr in^yuv:-, ^rf' 

The frequency of minimum admittance f^ vis. definedi by^ the 
following equation: : ^>* h *v^-^ vnr^^o.wic r*iciu»..»ir 

f n = f,(l + l/2r + r/2Q 2 ) - >-t •, : 

. As shown above, the six frequencies ><of? interest are related 

J - 

to the electrical - and r -mechanical properties^ of piezoelectric 
resonator unit li05.. In pe^ticular,. the ^rantiresonant : frequency 
gr^up ^ cM^be I: used; to ch^acterize. theriielectrical properties^ of 
polymeric layer 25 and any subsequent change from sensingione 
or more materials in the medium. , > ,,wa ■ . u ; ^ 

Importantly, each antiresonant frequency f n , f p , and f a has a 
different rate of variation due to changes in the electrical 
properties of peiymeric layer 25: Figure 19 shows the shifting of 
antiresonant irequencies f D , f p , and f a with- respect to. changes in 
conductiyityK (Siemens/meter or?- 1 /(ohm-meter;)^ of c polymeric 
lay^r 25. Variations between the rates^iot: change for each 
antiresonant frequency correlate :v/ith;:changes!iin;-the-Te]spective 
electrical properties of polymeric layer 25v u :n 

: Further, series -resonant frequency fj- varies in response to 
mass loading on piolymeric layer 25. ThereforeV changes in one or 
more of the respective antiresonant. frequencies . and change in the 
series resonant frequency can be correlated to: detect the presence 
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and concentration of one or more selected materials contacting 
polymeric layer 25. 

In the present invention, both sensitivity and selectivity are 
enhanced. Sensitivity is enhanced by targeting, for example, a 
5 change in conductivity and/or dielectric constant of the layer. By 

measuring the antiresonant frequencies, f n , f p and f a in addition to 
the commonly used series resonant frequency, f $1 with each 
frequency having a different rate of variation, selectivity is 
enhance with the increased number of measuring parameters. 

10 The present invention also includes an apparatus containing 

multiple piezoelectric resonator units. Examples of this type of 
apparatus are shown in Examples 3 and 6 hereinbelow. The 
multiple piezoelectric resonator units can detect either the same 
analyte or several analytes, each unit detecting and measuring a 

15 different analyte. 

This invention is further illustrated by the following 
examples, which are not to be construed in any way as imposing 
limitations upon the scope thereof. On the contrary, it is to be 
clearly understood that resort may be had to various other 

20 embodiments, modifications, and equivalents thereof, which, after 

reading the description herein, may suggest themselves to those 
skilled in the art without departing from the spirit of the present 
invention. 

25 Example 1 

Figure 10 shows a basic embodiment of the invention 
including piezoelectric resonator unit 105, a source of electric 
energy desirably comprising an electronic circuit 100, a sensing 
circuit 115 and an indicator unit 120. 

30 Oscillator circuit 100 drives piezoelectric resonator unit 

105 by applying an electric signal of varying frequency over a 
range spanning all resonant and antiresonant frequencies. There 
are a large number of commercially available oscillator circuits 
capable of applying such an electric signal. For instance. Figure 

35 10 of U.S. Patent 5,455,475, previously incorporated by 
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rreference ^illustrates: a rr-oimied -output ^oscillator 1 circuit? r5 TKis 
osGillator circuit is^tuned by a ¥uit^81e Mjifsfmehr ^evic^Wosfe 
S^ted^iji ithe-:aiitf: \^l^uhderst5M^ 

:sui^ it ^^ly^ne^exeir^Iai^ 

circuit. Oscillatdfc^carc^ eair swe^^^lffow^ BlmS^of 

l^uencies^riear For ?< Ha^ple, the 

frequencies^^ 

I 




t^iyLyw b vu^ *resonator-5umt having a senes Tesonanr frequency 
ofiratiout &b@05 MHz:- This harrow rlmge^^'ffequlTne^fSan 
1 0 contain all:six;j^s^ctiveiresdSan f requenHIS^ 117 



lSensing?circuk^L0 can sweep^a riairo 



co.nt^aing^aorao^%e^en^g^S^hf. circuit ¥l ? 0 ffiealufes 

or^sensesi values*- of -*the* resonant ^ frequencies^^and respective 
magni tudes land/or^ phMes^of the^impedMe > es ^i^^tK^^f putney 

1 5 range s Sensingcircui t< M 0 also measures*or -senses the magnitude 

and/ofi (phase ipfothe^drnittance faveff* *t^ie^f requency ^angef rl arid 
thereby determines the antiresonant critical frequencies? 01 ^ :>olti v - r: 
.i-d>uq Sensing circuit 4^0 ^edrrela^e^ 3i ^e KU §en^d i:/ critical 
frequencies and- respectively characterizes "'the electro%<&u£tie 

20 effect of the interaction of the medium wiih^poly meiic" layeF 25 

(S^Kfor-iexample. Figure:!). Thfe sensed ^equ^rci^ : - indicate 
changes in* mass,- conductivity,- viscosity and dielectric-constant of 
polymeric layer 25. These changes in properties of polymeric 
laye£ 25 can* indicate the * preseffee -of 1 btfe or mBfe ifiatienal of 

0 

25 interest/ ^Fhe r particular niaterials may^bind, 'diffuslev ^absorb; 

adsorbs and/or chemically - react^ withr^r ^otherwise b 
temporarily ^or- permanently attached- polymeric layer ^25; 
therebyr- changing electrical - and- : mecftanic^^ properties 1 of 
polymeric layer 25. A variety of analog or^ digital circuits ^ stich 

30 as^ an" electrical ^frequency^cbunterl r can ; ab't ^as sensing -circuit 110. 

,;^e? Seffsihg 'circuit 1 W - desirably^ included a^ computer 115. 
Computer 1 1 5 compares at least oife'res and at 

least oner antiresonant ffequeiicy 3 (desirably at leasf two 
antiresonant frequencies) to determine changes in properties ^6f 

35 polymeric layer 25 caused by one or more materials. Differences 
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in the frequency values indicate the presence of one or more 
selected materials within the sample medium which interfaces 
with polymeric layer 25. Presence of such materials generally 
means presence either in polymeric layer 25 or at the interface 
between polymeric layer 25 and the sample medium. 

Computer 115 can also compare the sensed critical 
frequencies with stored reference frequencies. The differences or 
similarities between selected stored frequencies and sensed critical 
frequencies, indicate the presence of one or more selected 
materials, or a class of materials. The stored frequencies can be 
earlier measured reference frequency values from piezoelectric 
resonator unit 105 or predetermined, calculated frequency values. 

The selected materials can comprise selected molecules, 
molecule fragments, ions, or other moieties, in a gas or liquid 
medium. The selected one or more materials can comprise a class 
of materials such as halogenated hydrocarbons, (e.g.) chlorinated 
hydrocarbons. 

An indicator unit 120 displays results from the computer. 
Indicator unit 120 indicates the presence or absence of one or 
more selected materials. The indicator can comprise a liquid 
crystal display, cathode ray tube, light emitting diode display, 
audio messages of the material sensed and its concentration, or the 
like. 

Using series resonant frequency f„ sensing circuit 115 can 
also measure the concentration of one or more materials. The 
concentration can be present in a gas or liquid medium adjacent 
polymeric layer 25. While Figure 10 shows sensing circuit 115 
and oscillator circuit 100 as separate elements, they may comprise 
a single unit or circuit. 

In operation, oscillator circuit 100 oscillates resonator unit 
105 at frequencies about its series resonant or parallel frequency. 
If one or more selected materials are present in the medium 
adjacent the outer surface of polymeric layer 25, changes in the 
mechanical loading and electrical properties of the polymeric 
layer can occur. These changes are caused by the materials of 
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interest;attaching to, xeaoting-':via^^or oiherwfse associafing with, 
ithejgol^meric layer: These chaiiges^cause^e critical reson^Faiad 
;ar^resl>nant^^^ to «ai^^;M3des 

£j$£ui£^^^^ *esoiiafft ^equOTCjTand^at Teast one 

antiresonant frequency. Sensinf^^i^cmP^^ 1 !^ T desiiilJly^^in 
tcq^inatioifc wite computer " 1 f^J t^eT^ooti^a^^^^ sensed 
frjequencies; with reference ^frequencies -to indicate the presence o ! r 
absen^erQf one ipr imore materials of -in^^^ is 
dej^^ped &bm the change in m^s ^ 
polymeric layer 25. Indicator unit 1 20 flieiff ^ 
0fc the) material * of interests 2bdit£'^ ^notbi?! 

hny iois>ivv^*v: r A ; . \ . :Example^2 } ttf* ^cuuxn 
Reference resonator unit :>*w:$mo-> aiio 01. >«u- ^.wu,n! .£0* 
*v<n&c Figured frshowsvaa 'iembddi'mentYoSPltHfe invehtf^ 
arfreference piezoelectric resonator^ umt i'OT^Oscillator circuit 
100 provides electrical energy to fir^pezoelectnc resonator : <uiiit 
105 and second reference piezoelectric resonator unit J W07'. 
Sensing^ r>rcircuit - 140 * senses- criificafl ^frequencies ^ of both 
piezoelectric: resonator units 105 107^ Comparison f25 
compares the critical frequencies -frbm^ bbth 1: fesonatdr ^uhits 1 :i l 05 
and,107i and sends outpu^s^^ £ 
:*5>iw Reference piezoelectric^ : f^s'ohat5P' ar uriit 107^' desirably 
comprises a unit substantially ideMcM-ih r elecff6de g^ anci 
in the composition of polymeric layer 25 to piezoelectric 
resonator unit 105. Reference ifeSohator unit 107 is closed or 
sealed from the medium (liquid or gas^ thaf rracfies"pifez6ellfcoib 
resonator unit 105. Reference pi^6erectric c re 107 
desiraibly- is .contained within a reference medium simiM^to 'the 
type ofrmedmm in which the material of interest is being carried. 

:5^Refefence piezoelectric resonator : unit ! 107 anil- first 
piezoelectric resonator unit 1 05- caSf^be located in fhe- r same 
housing 109 or different housings: Desirably, the resonator units 
are in one housing 109. 
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Sensing circuit 110 senses two or more of the six critical 
frequencies. These frequencies vary according to changes in 
electrical and mechanical properties of polymeric layer 25 caused 
by one or more materials in the medium surrounding 
piezoelectric resonator unit 105. 

Comparison circuit 125 compares selected respective 
frequencies of the first and second piezoelectric resonator units 
105 and 107. Comparison circuit 125 can comprise analog or 
digital circuitry. A computer, as described earlier, can also 
perform such comparisons. 

Indicator unit 120 displays results from comparison circuit 
125. The results indicate the presence or absence of one or more 
selected materials in the medium at piezoelectric resonator unit 
105. Indicator unit 120 can comprise a liquid crystal display, a 
light emitting diode display, and/or audio messages with the name 
of the material sensed. Indicator unit 120 can also display the 
concentration of the material sensed, if calculated by the 
computer. 

According to this embodiment, reference resonator unit 
107 provides a dynamic standard, subjected to all the same 
conditions as resonator unit 105, except the material of interest. 
Thus, differences between data collected simultaneously from 
units 105 and 107 represent influences of the material of interest, 
and reduced likelihood of extraneous other sources. 

Example 3 

Plurality of resonator units 

Figure 12 shows another embodiment of the invention 
including an array of at least first and second piezoelectric 
resonator units 105 (four shown) in a single housing 109. 
Oscillator circuit 100 powers each respective piezoelectric 
resonator unit 105. The frequency of each piezoelectric resonator 
unit 105 is sensed by an electrical sensing circuit 110 Sensing 
circuit 110 senses at least two of the six critical frequencies 
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generated by each of at least twQ ;pf the respecti ve ^piezoelectric 

j«sonatOT.«uiuts:) $tr<& whites! .fcjysr.- ^ukaee at ?.o til 
s ^ttn 33ie E sensed JrequenGiesT?from -ipiezoelectric qresonatoj-?units 
105 are then correlated and ccgr^ared^ wi A: Qthei^- respectivYe 
critical or- otherwise known- or- expected frequencies. r»Sensing 
*cirouiy 10€esinpy ^/^^ ^BB^^^i^^t^ *o ssasbub 

resonato^>units^A .comparison ? iQf seirsed4requency«datauindieates 
the .presence of one : oyn^e mate rials^of :interest4^ 
The^frequency ndatajcanvalso indicate^^e,iqu^tit^tof;>thg^one^ 
more^ materials/ aoftiinteres^i in v the* mediumviac^acentTjpplymeric 

In some embodiments, the geometries and/or surface^areas 

.of^legttpd&sijgO ^4r3Jk(^ 

to>^he M present r in yenli on^ ifee^gepm^^ the, fkst^electrtodev20 
differs - from electrode:] 30q^iEhe o variations^? affecti: the ? critical 
frequencies^ in f a predic tab le u way .^i The \ variations in^electrode 
sj^cturjs can incre^;ithe sensitiyity;:of th<? respnator^unit -li0;>the 
ability tovsenseja .Kariety^of-materi of^interesticanciithe^abiU 
determine, concentration of uone^or rmorer materials^iof rintetest. 
^Ehus, the arTjay ; ^of^,resonatorKuni^ in ^sensing, 

an^^prpcessing through;: a-isingle: QQntrqller 4?l^ra :pluraliipyof 
materials of interest,- at a^y anety^f conceri trad on s- . with? aried 
degrees of sensitivity. Toj the. extent the resonator units vliQS; .rare 
spaced from ea!ch other, the abovecproperties ican^be detectedrand 
discriminated over the physical area represented by^the spacing of 

theharray. r .^cM3r7?f?t^.?- ^\^-.>^ * • \>v \~jrir*^ f 

; In another embodiments plural^piezoelectric resonatopunits 
JbO^are^ designed to resonatelat; differentirequencies^ such :as 6,<i9 
and 11 MHz, to sense a variety;} ofi materials ;of ^ interests Desii;ably 
three or more different ; oscillator circuits ; 100 - generate the 
.respective different?? resonating - frequencies. These different 
oscillator frequencies create differences in the frequency values 
sensed, i.e.. the change, in : frequency sensed for; respective 
piezoelectric resonator units L05. The frequencies generated by 
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the piezoelectric resonator units can be correlated by computer 
115 or an analog circuit. Indicator unit 120 then signals the 
presence of one or more selected materials and the concentration 
thereof based on the sensed data. 

In yet another embodiment, the surface area and/or 
thickness of respective polymeric sensing layers 25 on each 
piezoelectric resonator 10 can be varied. The composition of 
polymeric sensing layer 25 can also be varied among the 
individual resonators 10. Particular sensing layers responsive to 
particular classes of materials, such as chlorinated hydrocarbons, 
can be segregated among the arrays. Polymeric layers 25 sensitive 
to specific materials are used to sense specific ones of those 
materials. 

In operation, the piezoelectric resonator units 105 each 
have six critical frequencies by which the units 105 indicate 
changes in their respective polymeric layers 25. The numeric 
value of each frequency at a given time, of course, depends on the 
electrical, chemical, and mechanical conditions to which the 
respective resonator units 105 are subjected at the time within 
which the frequency data are recorded. These six frequencies are 
correlated and compared, desirably by computer 115. The 
computer compares the sensed frequencies from multiple 
resonator units 105 with each other. Further, if need be, 
computer 115 can compare the measured frequencies with data 
permanently stored in the computer corresponding to various 
groups of material. Such data comparison is used to indicate the 
presence and optionally concentration of particular materials. 
Multiple arrays of piezoelectric resonator units 105 can have 
different specific polymeric layers 25 responsive to the presence 
of different selected materials in the medium. 

Of course, the surface area and size of the electrodes, the 
surface area and/or thickness as well as composition of polymeric 
layer 25- and the natural resonant frequency which depends on 
the size, shape and smoothness of piezoelectric resonator 10 can 
be varied in some or all of plural piezoelectric resonator units 
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105 in order to vary the sensiti vity ^and/or respoilsiveness of ^the 
devicercThusv :Uthese^ variables* caBS bepmsusup^ 
yniqjie. cUfferences; between; and*ambng+thg ^eisQMtoriumtS^liOS^^ 
'^h i'Ftffith^r, varying ^active: moieties ®f respective -polymeric 
sensing 1 ; layers? 25 variesK-theK^sen^ti*^ o£ tKe individiigfl 
piezoelectric, resonator units; l©Si?with Respect? tc^eacte tfthc^tfn 
this^ay,;a-yariety of spfecp&mate^^^^^ 
^rfc^tiMsingt combinations mf the^a^aTfilfa^^ 
obvious ;yariatioris, increases rthe^ 'selectivity to specific materials, 
and/thg accuracyun ineasiMng^ of?su£tPn^ 
;^3a;?Indicatofo^uniti 120|v 'as idescribedVearlieit- *hen "'displays 
mformatipn^ related to ^th^presenc^"o£^oiie^ of ^more'* Sensed 

materials^* including, ^foc** ^examptei c^bn^ntrati^orfs^ notf ^sueH 

materials^ ^siao;. moil ^wink;..- ti muxbsix. «fc 

Although a single Housingi 109 contains^ arrays of resonator 
units 1 -4, multiple housings for one or more resonator ^uHits are 
also - contemplated;. Piezoel&tric resonator -ainitsP rf<55 are 
structured, and associated mediumhCdntihment environments -ate 
arranged, so that the medium^cdntacts the side bf^piezbelettric 
resonator 105 at polymeric^ layer^25f and does" noi^cotitatft 1 the 
opposite side of piezoelectric resonator- 1^0 (eVg. at ^electrbde 30)/ 

Example 4 

Resonator units having 'effeetive^electfodes 

Another embodiment of the invention includes piezoelectric 
resonator 10, desirably without a polymeric sensing layer 25. 
This embodiment can be consideredSwithin the context of the 
basic block diagram of Figure- l30r*3$iis* : apparatus irifeliides first 
and; second electrodes 20 and *3'0*%s TdescribgdMeariier (Sefe Figure 
lv 2 or 3), a piezoelectric resonator- 10, and ail oscillator circuit 
100 providing energy; but is devoid of poly meric layer 25; per 

In operation, the< apparatus senses when the medium 
contacting the first side of piezoelectric resonator 105 has 
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sufficient conductivity change and an initial mass to alter the 
series resonant frequency. The conductive medium forms an 
effective temporary electrode including first electrode 20 and the 
conductive medium on the first side of the piezoelectric 
5 resonator. By an effective electrode, it is meant that the 

conductive medium, for example, a liquid has an effect 
corresponding to a conductor coating the entire first side of 
piezoelectric resonator 105. Thus, as the medium establishes 
contact with the piezoelectric resonator 10 and first electrode 20, 

10 the first electrode's surface area effectively increases to include 

all of the surface area of resonator 10 and electrode 20 contacted 
by the medium, thus changing the series resonant frequency of 
piezoelectric resonator 105 (energy trapping phenomenon). When 
the medium is withdrawn from contact with resonator 10 and 

15 electrode 20, the "effective" electrode characteristics also depart 

the sensor. 

The change in size of the "effective" electrode changes the 
response of series resonant frequency f s . This change in frequency 
is not dependent upon the mass loading of piezoelectric resonator 
20 10 but rather dependent on the so-called electrode mass loading 

factor. The electrode mass loading factor changes the acoustic 
wave particle displacement amplitude profile (energy trapping). 
This signal provides an indication of the presence of a conductive 
medium. 

25 Indicator unit 120 provides a yes/no type indication of the 

conductivity of the medium. 

Example 5 

Sensor with a gradient polymeric layer 

30 Figure 13 shows a top view of another embodiment of 

piezoelectric resonator units 10 of the invention. In this 
embodiment, polymeric layer 25 is a composite of two or more 
zones of two or more different polymeric materials. Polymeric 
zone 11 has a relatively pure composition of e.g. polymer A. 

35 Similarly, polymer zone 25 has a relatively pure composition of 
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^ig^ polymer, B. Gentral^^p^yMenG- ^zone- 43 ^cSniprises* a 
cor^inatipii: of poIymiBrsp^ -ari^Sf^^ri^Uy -paidualed^HM^its 3 
comgos^ zones ityfo ^wxP^l) 

underlaid by ^electrodes l$*asishbwn dnfBifurevil4lw^ti s?aoo - r J 
k is^^g¥^< ent arrangen^t zone- 1 3?can Ibe^ f oraTed as : 
set forth in "Molecular Gradients of -Substituted AlkanetMols' otf: 
Qolid;C?Ereparation andv?€tfk^^S@^5ii^'b^ > '8'd ^eSBerg and 
PentdSfengyallrpubUshediin Eangmuirfi Voft 1 1 ,' Nd'Pl OPl 99:51 
p^3821-^|^^hereb^ racoi|)©r$fed aiby ^ f ef elf etfe^ . '*As tauglft 
therein, central zone 13 represents* a p-aefuall y * ^ clfihgiiig - 
interfacial^region that^omprises>*a c<^centrati<5i£ 
t^ia^^nfc^ iPfoilmdd by&cross 1 ^ 

diff u^on:method; Ifois method ^ of^mSfe pire'ciirs^rs 'of- 

pq^ymeriQrfayer 25r? te?q diffuse- -In^^- 
preformed matrix, and to simultaneously bond with^ i£ g&ld 
etectrodesrduringcformaticm &%fm::>zt*l> d<; .■i^ariifl 

zv) Electrodes? 20 ando?30 is^sfirst^-fbrmed^on piez^eleetiie 
resonator 10. Desirably a layer of chromium 
follo\\redf by a layers of ? gold* £or^ bther^cb^^ The 
goldii electrodes are cleaned^in tan^iethMcJl^olution; ^ "diffusion' 
matrixr is formed on thel gold electrodes ^^The diffusiojflh matrix 
desirably comprises one part ? Sephade* I2H-20 an* thffee^parts 
ethanol. 

Porous glass filters or ^dams^ ? are then pressed into the 
matrix in spaced relationship as shown in Figure l-'oh pag"e ? 3823 
oft the^Liedbeifg:vet ^^amesBM : TK^^ r SepKad6^ * DH-20^ then 
homogenizes while etlhancik evapbrate^uhtil^a 5 millimeter thick 
diffusion matrix forms on\elec6rod*e^20i> ^ - ^ : ^: :^ • ; 

{iiBfwo different ^pdlyiMKfqsuch^ • thiol- Solutions; are then 
depositedlon the two glass *<fiffiBff^filC^ 'itt^lfifiuft in the matrix 
as* sho wn in Figure ^1i^iP^§g^3^^^W- the 'LiedbBrg^ et- al 
publication. Over" time*- the P fwo^ "polymers c move tSward each 
others and eventually diffuse info ^each^bthfef at zone 13- forming - 
the graduated composite polymer. Central zone 1 3 contains more 
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of the polymer composition of polymer zone 11 on the left side 
thereof, and more of the polymer composition of polymer zone 
12 on the right side thereof as seen in Figure 13. As one examines 
the concentrations across the composite polymer in central zone 
5 1 3, the concentrations increase or decrease similar to the graphs 

set forth in Figure 4 on page 3824 of the Liedberg et al 
publication. 

Figure 14 shows the relationship between electrodes 20, 30, 
polymer zones 11, 12 and central zone 13. Electrode 20, of 
10 course, can be varied as shown by the electrode in the 

embodiment of Figures 1 through 3. 

The graduated composite polymeric layer 25 provides a 
broad range of blends of polymer compositions A and B, which 
can selectively respond to the presence or absence of materials of 
15 interest that neither polymer A nor polymer B respond to 

separately. 

Further, as described earlier, each polymeric zone 11, 12 
can include a separate and distinct moiety functionalized for 
sensing selected materials. 
20 This embodiment of the invention can be utilized in any of 

the various arrangements discussed earlier or hereafter. Central 
zone 1 3 can thus increase the sensitivity of piezoelectric resonator 
unit 105 to selected materials present in a medium. 

25 Example 6 

Filter embodiment 

Figure 15 shows filter 130 mounted in a fluid pipeline 135. 
Piezoelectric resonator units 105a and 105b are mounted 
upstream and downstream of filter 130. Arrows 140 illustrate the 

30 direction of fluid flow in the pipeline. Pipeline 135 desirably 

carries a fluid including materials, such as chlorinated 
hydrocarbons, whose presence is to be sensed. Oscillator circuit 
100 powers both piezoelectric resonator units 105. Sensing circuit 
110 senses at least two of the six critical frequency signals from 

35 piezoelectric resonator units 105. Sensing circuit 110 sends 
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frequency signals to comparisdn-circtiit 1 25. Comparison circuit 
125 compares the ■ sensed^ critic^ 

output to vindi cator unitPl&CH io ioass^v eiisfW 

Filter^! 30 /canicompnse arijjpwell known type^of ^filter! afiPaR 
p^eferredi^ einbodiraent^filterv $30f?Cfcriiprises : 3 .a^chWcS^^^Mtef^ 
wMch trpinoyes cfflbnrak£^ ^n/ 

^i^^Biczoelectric iresbnatdridunife M)5a and- l'05b genenJlly^ 
comprise ione^of :the^twi£ sp^bificWiuts^ e»he¥^with! r; 
re^ect:to::F^ differ/ 1 

one, from vthe^* otheE^bup^esit^y? piezoelectric ^fesJSnSfof^unils^ 
1 Q5arand^G3b:are^ edc-fr otherP^P^ hxivt* 

o: t?#omp^son3ckcuitiil 25 fcanVcolii^ 
circuitry. The comparison circuit^cart also" utilize % WmpTItfe^" 
such jas a microprocessor crefeired^eather as bomputer^l^. 

^ovrindieaior unitf^O^desi^ a ^liquid "crystal- 

display r cathode ray&mbe^ display, light ^Iml^ftg^'^ddd^arra^^^^ ' - 
therUkei Eurther,4 aflif^udiftle alarm- 

to^draw attention to the ^failure ^or othei^ehd b£ iise'life^ of -filter 5 

In operating rfhfe^ 'filled in ^Figufe'-lSf 

comparison circuit d 25 <first 'determines the presence <of 'a 'material 
of 1 interest : by sensing f changes in critical frequencies-- f r biW 
upstream piezoelectricr^resonator 1 4init " I05a; Filter* £30 fcaptures? 
such' material preventing further passage of such material through" 
pipelined 35i^CbmpaiisQrfKunit >31^theri> compares^ -frequencies 
from first piezoelectric resbnator linir 105a with thbse of-^ecbnd 
downstream resonator unit l©5b. As-fi iter 130 appro aches "th6 f end 
ofr its usefiib life, increasing^ boncentratidhs ; of* the - material -^bf 
interest pass through theiriilterpt 'uncaptiired: - Respectively,- 
piezoelectric resonator unit 105b senses and reports the dynamic 
changes in concentration of such material in the fluid downstream 
of filter 130. As the concentration reaches a critical level, such as 
when the signals are substantially the same, indicating failure or 
other end of life indicator for filter 130, a signal is sent to 
indicator unit 120. Indicator unit 120 then provides an indication 
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of filter condition. In the alternative, indicator unit 120 can 
provide an ongoing indication of filter condition. 

While the embodiment of Figure 15 shows two 
piezoelectric resonator units 105a, 105b, a single downstream 
piezoelectric resonator unit can also be utilized to perform the 
same function. Piezoelectric resonator unit 105, for example, can 
sense the presence of a threshold value of chlorinated 
hydrocarbons. The critical frequencies sensed by sensor circuit 
110 are then sent to comparison circuit 125. Comparison circuit 
125, can compare the value of sensed frequencies with values of 
stored frequencies to indicate the presence of a selected material. 
Indicator unit 120 generates an alarm or indication in response to 
the presence of the selected material. 

While all of the apparatus disclosed in this application 
relate to sensing and indicating the presence of one or more 
materials of interest, and the presence and/or concentration 
thereof, other uses are contemplated. For instance, indicator unit 
120 can also control a shut-off valve, shut-down system or any 
other type of control device in response to the presence and/or 
concentration of one or more materials of interest. 

Those skilled in the art will now see that certain 
modifications can be made to the invention herein disclosed with 
respect to the illustrated embodiments, without departing from 
the spirit of the instant invention. And while the invention has 
been described above with respect to the preferred embodiments, 
it will be understood that the invention is adapted to numerous 
rearrangements, modifications, and alterations, all such 
arrangements, modifications, and alterations are intended to be 
within the scope of the appended claims. 
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Claims;^ v .jr.: , •ci**vfjo , Kj;ft^K|5>>vtoc ..^s^ijaunvij&i^iog 

1. A sensing device for measuring an analyte in a 
me#um^Qpmpri a first side 

an^jsecond :side, the^^tslsicieih thHfeon' 
and£#e^c.Qna?sMe havinf/^con^ileetrode th^6i^wfiefeMi^tfie J 
first electrode has-^dif^ s^bnd^efeode^ 
whereby the sensing device has at least one resonant frequency 
and^atl^ wfT 0! 

, nor&i Ifte ^sensingidewce^&GH^^ 
pplymericdayer on therfirst siderofctl^ 

least a portion of the polymeric layer being disposed^lon^tfie^ 
electrode. 

3. The sensing device of Claim 1, wherein the! firs t ^ana- 
second electrodes have^a igeomet^^wW^^ circular, 
the first electrode circular gefcmetiyc bemg^smaller in diameter 
than the * sec ond electrode cit eul^ ^§metryi - : ^ - 

• 4:; -l:: The 'sensing? di^be^ the second 

electrode^has a geometry^whSth-is ^generally circular and the first 
electrode has a geometry that is-a ring . sn: 

6. The sensing device rpf - Glmm- 1, wherein the 
polymeric lawyer includes 4 a : m<5iety T selecdve 

7. - rThe- sensing^deyice^ d£C4aiifr<6; -wherein the moiety 
selective to the analyte is selected* from- fhe ?: group consisting of 
antibodies; fragmefit : s^ biotin, and 

step A protein:* 7 - ^? * ?. 

- . . ' — . . i- * - ■ . * 

8. The sensing device of Claim 1, wherein the 
polymeric layer comprises a material selected from the group 
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consisting of poly(diphenylmethylsiloxanes), 

poly(etherurethanes), poly(epichlorohydrins) and poly( 1,1,1- 
trifluoropropylmethylsiloxanes). 

9. The sensing device of Claim 1, wherein the analyte is 
selected from the group consisting of trichloromethane, 
tetrachloromethane, trichloroethane, trichloro ethylene, 
tetrachloroethane, tetrachloroethylene and toluene. 

1 0. The sensing device of Claim 6, wherein the analyte is 
selected from the group consisting of proteins, glycoproteins, 
metal salts, ions, neurotransmitters, hormones, growth factors, 
cytokines, monokines, lymphokines, nutrients, enzymes, and 
receptors. 

11. An apparatus for measuring an analyte in a medium 
comprising: 

a piezoelectric resonator having a first side, and a 

second opposing side; 
a source of electric energy, providing an electric 

signal; 

a first electrode on the first side of the piezoelectric 
resonator and a second electrode on the second 
side of the piezoelectric resonator, wherein the 
first electrode has a different geometry than the 
second electrode; 

a polymeric layer on the first side of the 
piezoelectric resonator, at least a portion of the 
polymeric layer being disposed on the partially 
electroded region; and 

an electrical sensing circuit sensing at least one 
resonant frequency and at least one antiresonant 
frequency of the piezoelectric resonator. 
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, 12. k .The apparatus bfoG3aiin 11, wherein said polymeric 
layer ^selectively senses the^lmaClyteF^ r ^ tvi '• < «^" snorts- 

13. The apparatus of Claim 11, wherein the composition 

of said polymeric layer is selected from compositions functionally 

• * * *'-**" - 

operahk^t6?qH;<M 

frequency of saidvpiezoelectriic "resonator^ i to at least 

one of presence :t^d^c^pceiiW^6n^of> thfe material of interest at 
said polymer layer:.* ****** Lau^ z&u* *w & 

14; , The > apparatus^ ofelClaiiir wherein the polymeric 
layer covers the^<%stieleclrode^^^ aw 



15p The apparatus ofv@ia^M-l<; wherein^^the polymeric 
layer is confined - within^ sa^pf ejected outline of the second 

electrode. +x:zn*>? huuiij ga*i 

16r , The the polymeric 

layer includes a moiety^seleGfive^to the arialy te? ' 

* s < 't- IX.' ijt 5 4*1. . - t«^^ - It 

17. The apparatus^ of (Blaim 11, wherein the polymeric 
layer comprises 2T matenal-selected from the group consisting of 
poly(diphenylmethylsiloxanes), poly(etherurethanes), 
poly(epichlorohydrins)^^^n 10 ; u and ^ poly( 1,1,1- 

trifluoropropylmethylsiloxanes). 

18. The apparatus of Claim 1-1, wherein the analyte is 
selected from the group consisting of trichloromethane, 
tetrachloromethane', ^i&^'td^lditMi'tkjeme, trichloroethylene, 
tetrachloroethariev tetrax:hlpr odthylene and to luene. 



• ir e r • . /-~--> 



19. The apparatus of Glaim 11, wherein said electrical 
sensing circuit senses kt least two antiresoriant frequencies. 
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20. The apparatus of Claim 11, wherein said electrical 
sensing circuit sweeps frequencies in a band containing the 
respective resonant and antiresonant frequencies. 



21. The apparatus of Claim 11, further comprising: 

a second reference piezoelectric resonator having a 
third side, and a fourth opposing side, 

a third electrode on the third side of the piezoelectric 
resonator and a fourth electrode on the fourth 
side of the piezoelectric resonator, wherein the 
third electrode has a different geometry than the 
fourth electrode; 

a second polymeric layer on the third side of said 
second reference piezoelectric resonator; 

an electrical sensing circuit sensing at least one 
resonant frequency and at least one antiresonant 
frequency of each of said first and second 
piezoelectric resonators; and 

a comparison circuit comparing the respective 
resonant and anti -resonant frequencies of the 
first and second piezoelectric resonators. 

22. A method of detecting or measuring an analyte in a 

medium comprising: 

contacting the medium with suspected analyte in with 
a piezoelectric resonator in an apparatus 
comprising: 

the piezoelectric resonator having a first .>ide, 
and a second opposing side; 

a source of electric energy, providing an 
electric signal; 

a first electrode on the first side of the 
piezoelectric resonator and a second 
electrode on the second side of the 
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.... . 8 . > ^ . .si piezoelectric fesonator,-wherein the first 

^vMectrode^ has^a^ different* geoine'tryi than 
the second electrode; 

, r , • ai-pQlymOTet^l^erl • -on*- rthev /firstTsideE fof the 

^ v r w , v -j^q of the polymeric layer Keingr i^spqs^t on] 

the*partially electroded ^regit«^aMqs)vi oq 
an electrical sensing circuit sens^^ar^^sWMie> 
resonant frequency and at least one 
^ -,. ^ antif esonaritlft^quency of thepiezoelectric 

• • >■ v, : resonator^:, -ju. - r: moT) borate*. 
, measuring thesettange in the resonan^frequenqpand: 
the^anti^esonaritt frequency and^correlatin^the* 
changes in the resonant frequency and the 
antiresonant i frequency to > the * presence or 
.., . v amount of analyte in the medium, ujoih s n u n^y. 

■;: 23 v The method of Claim 11, wherein said polymeric 
layer selectively senses the analyte^ ^ iu. 

24. The method of Claim 1 1 , wherein the composition of 
said polymeric layer is selected from compositions functionally 
operable to provide a change in a resonant or an ti -resonant 
frequency of said piezoelectric resonator in response to at least 
one of presence and concentration of the material of interest at 
said polymer layer. 

25. The method of Claim 11, wherein the polymeric 
layer covers the first electrode. 

26. The method of Claim 11, wherein the polymeric 
layer is confined within a projected outline of the second 
electrode. 
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27. The method of Claim 11, wherein the polymeric 
layer includes a moiety selective to the analyte. 

28. The method of Claim 11, wherein the polymeric 
layer comprises a material selected from the group consisting of 
poly(diphenylmethyisiloxanes), poly(etherurethanes), 
poly (epichlorohydrins) and poly ( 1,1,1- 
trifluoropropylmethylsiloxanes). 

29. The method of Claim 11, wherein the analyte is 
selected from the group consisting of trichloromethane, 
tetrachloromethane, trichloroethane, trichloroethylene, 
tetrachloroethane, tetrachloroethylene and toluene. 

30. The method of Claim 11, wherein said electrical 
sensing circuit senses at least two antiresonant frequencies. 

31. The method of Claim 11, wherein said electrical 
sensing circuit sweeps frequencies in a band containing the 
respective resonant and antiresonant frequencies. 
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